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(57) ABSTRACT 
In one aspect of the invention, an ion trap mass analyzer 
includes a variable- or multi-potential type ion guide (MPIG) 
assembly which has been pre-configured to produce a para-
bolic-type potential field. Each MPIG electrode has a resis-
tive coating of designed characteristics. In one example the 
coating varies in thickness long the length of an underlying 
uniform substrate. The MPIG assembly can be a single MPIG 
electrode or an array of a plurality of MPIG electrodes. An 
array can facilitate delocalization for improved performance. 
This chemical modification of a uniform underlying substrate 
promotes cheaper and flexible instruments. The modified 
MPIG electrodes also allow miniaturization (e.g. micro and 
perhaps even nano-scale), which allows miniaturization of 
the instrument in which the single or plural modified MPIG 
electrode(s) are placed. This promotes portability and field 
use instead oflimitation to laboratory settings. 
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ION TRAP MASS ANALYZER APPARATUS, 
METHODS, AND SYSTEMS UTILIZING ONE 
OR MORE MULTIPLE POTENTIAL ION 
GUIDE (MPIG) ELECTRODES 
I. BACKGROUND OF THE INVENTION 
A. Field of the Invention 
2 
inherent problem of ion repulsion in these ions traps ulti-
mately limits the dynamic range of the instrumentationx'v. 
Orbital ion trapping dates back to 1923 with the introduc-
tion of the Kingdon trapxv. The design of this ion trap featured 
a hollow cylindrical electrode and a thin, wire filament which 
ran coaxial to the outer cylindrical electrode. The electric field 
generated by the wire electrode effectively trapped ions in a 
potential well relative to the reference potential generated by 
the outer cylinder electrode. When a negative voltage was The present invention relates generally to mass spectros-
copy and, more particularly, to ion trap mass analysis and 
analyzers and, further, to specific types of MPIG electrode 
configurations and methods of use thereof in that context. 
B. Discussion of the State of the Art 
Advances in modem science have always required the 
development of new methods of analysis. The evolution of 
modern instrumentation permits the rapid identification of 
molecules and allows investigations of structure and reactiv-
10 placed on the center wire electrode relative to the outer cyl-
inder, a potential field was formed that attracted positive 
charged ions towards the wire electrode. The angular velocity 
of the ions would cause the particles to orbit the EPG, effec-
tively trapping them in the radial direction. Ions that are 
ity from the atomic scale to the macromolecular scale. Within 
the last two decades the field of mass spectrometry has 
become a fundamental method of molecular analysis in the 
field of biological science'-''-'''-'v. Its utility ranges from 
simple molecular weight determination to proteomics and 
protein sequencingv.vt.v". Although initially limited to small 
volatile and thermally stable molecules, the real impact of 
modern mass spectrometry is the wide array of information 
possible coupled with the high sensitivity of the technique 
when applied to biologically important molecules. 
15 accelerated slightly perpendicular to the ion optical axis are 
captured in the potential field and transported to the detector 
resulting in orbital trapping of the ions in a radial direction. 
The addition of positively charged electrostatic electrodes 
placed at the ends of the cylinder electrode would create an 
20 orthogonal potential well that would trap the ions in the axial 
direction creating an effective ion trap. This basic design was 
improved in 1985 by Knight by changing the shapes of the 
end cap electrodes to a chevron geometry. By changing the 
shapes of the electrodes, the field lines produced created a 
Investigations of macromolecules by mass spectrometry 
were historically limited by the inability to produce gas phase 
ions from large nonvolatile and thermally labile samples. 
With the development of desorption/ionization techniques, 
mass spectrometry has become an important tool in the area 
25 more effective ion trap. Although both the Kingdon and 
Knight traps have found application when coupled with mass 
analyzers, there is no mass dependent frequency created by 
the electrostatic fields and therefore no method for mass 
analysis within the trap. This concept was later used by Oakey 
30 and Mcfarlane to increase ion transmission in TOF mass 
of biological researchviii/x.x. The need for mass spectrometry 
methods capable of analyzing biomolecules has led to the 
expansion of time-of-flight mass spectrometry (TOF-MS) 35 
over the past twenty years. The high sensitivity and high mass 
range of TOF-MS coupled with external ion sources that 
produce ions from solution or atmospheric pressure has made 
TOF-MS a common laboratory technique. While TOF-MS 
provides high sensitivity mass measurements at high mass, it 40 
lacks a direct method of performing linked scans for isolating 
specific ions for in-depth structural studies. These types of 
in-depth investigations are typically performed on high per-
formance instruments involving ion trap technology such as 
quadrupole ion trapsx', Fourier transform ion cyclotron reso- 45 
nance (FT-I CR) instrumentsx'' or more recently, orbitrap ana-
lyzersx'''. Although FT-ICR and orbitrap analyzers have the 
capacity for high mass analysis, the high cost and limited 
access to these instruments limits their impact on the biologi-
spectrometifv'. An electrostatic wire electrode was posi-
tioned in the drift region of the TOF flight tube creating a 
potential field in the center which effectively "guided" ions to 
the detector. Ions that are slightly divergent to the ion optical 
axis are redirected back towards the detector by the 
potential field resulting in a dramatic improvement in sensi-
tivilfvii,xviii. 
In addition to improved transmission efficiency of ions, 
Macfarlane demonstrated the utility of the electrostatic ion 
guide for elimination of neutralsxix and ion eliminationxx. 
Research performed in my laboratory later demonstrated that 
selective ion elimination could be accomplished using a 
pulsed bipolar ion guidexxi.xxii. Recently, this approach was 
used to create a multi-pass time-of-flight mass spectrometer. 
In this instrument, ions are effectively trapped in an elongated 
Kingdon trap by positioning two reflecting electrodes at the 
extremes of the TOF analyze~xiit.xxiv. Ions traveling through 
the drift region between the reflecting fields are continually 
redirected by the potential field of the ion guide resulting in an 
cal sciences. 
Ion trap technologies have long been recognized for their 
inherent utility in molecular detection and analysis. Ions can 
50 enhancement in sensitivity and resolution. In addition, this 
approach also permits ion selection experiments to be per-
formed by the pulsed ejection of unwanted ions. Although the 
ion guide effectively traps the ions within the drift region be trapped for long periods of time providing the potential for 
collection and storage of molecules that exist in trace quan-
tities in order to build up a detectable amount for structural 55 
studies. The ability to manipulate ions while in the ion trap 
permits a wide range of investigations including structurally 
significant tandem mass spectrometry experiments (i.e., MS-
MS and MS 11 ). Such mass analysis in an ion trap requires the 
creation of magnetic or electric fields that can differentiate 60 
between ions of different mass. The increased need for this 
type of analysis of biological samples has led to the produc-
tion of ion-trap instruments using expensive high field super 
conducting magnets and specialized shaped electrodes. 
Because these instruments produce a relatively small area of 65 
the required homogeneity, only a limited number of ions can 
be stored without problems of space charge repulsion. The 
between the reflection fields, the single electrostatic potential 
generated by the wire ion guide cannot be used with the 
constantly increasing field of a reflectron instrument. To 
address this issue, a multi-potential electrode was developed 
in my laboratory to provide increased ion trapping efficiency 
in reflecting electric fields. The electrode was created by 
coating a non-conducting substrate with resistive materials 
and controlling the voltage at the extremes of the electrode. 
By varying the resistivity of the surface, the electrode acts as 
a voltage divider providing a continuum of electric potentials 
in contrast to the uniform field of the electrostatic wire ion 
guide. In this manner, a multi-potential ion guide (MPIG) was 
constructed for use in a reflectron that increased the ion trans-
mission efficiency by an order ofmagnitudexxv. 
US 8,933,397 Bl 
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Although the ability to mass analyze trapped ions was 
explored in the early 1950's using an ExB ion trap, the ability 
4 
The efficiency of ion transmission and storage in a multi 
pass TOF system is limited due to radial dispersion of the ions 
while in the reflectron region. Because the homogeneous 
electric field generated by an electrostatic EPG is incompat-
ible with the constantly changing fields needed for a reflec-
tron, there exists no trapping of the ions in the radial direction 
while in the reflectron field. The lack of the radial trapping 
field leads to ion dispersion and loss of transmission effi-
ciency. This problem was addressed though the application of 
to mass analyze trapped ions without the use of a magnetic 
field was expanded with the development of the Paul quadru-
pole ion trap in the early 1960's. The Paul ion trap utilized 
hyperbolic shaped electrodes to create quadrupolar field lines 
permitting molecular weight determination by the mass 
dependent effect of an applied rf field. The sympathetic 
motion of the ions with the oscillating electric field results in 
a mass selective stability of ions within the trap. The resulting 
mass dependent stability can be used to either selectively 
eject ions into a detector or selectively store them for ms-ms 
type experiments. The flexibility and robust nature of this 
design has made the quadrupole ion trap a very effective 
method of mass analysis. 
1 o a multi-potential ion guide (MPI G). An MPI G is an electrode 
that is created by coating a non-conducting substrate with 
resistive materials and controlling the voltage at the extremes 
of the electrode. By varying the resistivity of the surface, the 
electrode acts as a voltage divider providing a continuum of 
15 electric potentials in contrast to the uniform field of the elec-
trostatic wire ion guide. In this manner, a multi-potential ion 
guide (MPIG) was constructed for use in a reflectron that 
produced an electric field that was shaped to match the chang-
ing potential of the reflectron. The application of the MPIG in 
In contrast to the Paul trap which uses oscillating electric 
fields for mass analysis, the concept of mass selective orbital 
trapping in an electrostatic ion trap was recently introduced 
with the development of the orbitrap. The design of the orbi-
trap improved upon the Knight trap by changing the shape of 
the center electrodes. The design featured an outer barrel-like 
electrode and a shaped inner spindle-like electrode. When 
voltage was then applied between the two electrodes, an 
electrostatic field was generated capable of trapping ions. 25 
Owing to the electrostatic field lines created between the 
shaped inner electrode and the outer barrel electrode, motion 
20 the reflectron region permitted continuous ion trapping in the 
radial direction while in the reflectron region resulting in 
increased ion transmission efficiency by an order of magni-
tude. 
in the z or axial direction is independent of angular and radial 
motion. Because the axial motion is independent of initial 
energy and spatial spread of the ions within the trap, the 30 
motion can be described as harmonic. This allows for axial 
frequency to be used for determination of the m/z ratio. 
Trace chemical analysis is becoming increasingly impor-
tant in today's society. Compound and molecular identifica-
tion impacts all areas of industry and environmental monitor-
ing as well as the medical field and law enforcement. As the 
need for more information about substances has grown, the 
necessity for sensors capable of providing detailed molecular 
information has also grown. Although highly sensitive detec-
tors have been developed for identification of specific species 
or compounds, they are typically large instruments confined 
to laboratories. There continues to be a growing need for 
small portable analyzers that can provide information about a 
35 wide range of compounds that exist only in trace quantities in 
the environment that are suitable for work in both the labo-
ratory and in the field. 
Similar to methods of detection in FT-ICR (Fourier trans-
form ion cyclotron resonance) instruments, detection of ion 
frequency by image current detection is possible in the orbi-
trap. By amplifying the induced signal voltage produced of 
trapped ions as they oscillate, the sum of the image current 
will include the individual frequencies of ions trapped. This 
has been achieved in the orbitrap, by splitting the outer elec-
trode and attaching a differential amplifier and detecting an 40 
image current. In addition to utilizing detection of an image 
current, the orbitrap instruments are able to operate in mass-
selective instability mode. In this mode, oscillating electric 
fields or Rf voltage is floated upon the high voltage of the 
center electrode while the split outer electrodes remained at 45 
ground. When Rf voltage is applied to the center electrode at 
Over the last decade, mass spectrometry has 
risen to the forefront of trace molecular identifi-
cation cxxvi,xxvii,xxviii,xxix,xxx,xxx'). Evidence of its proliferation 
is seen not only in the news reports of environmental moni-
toring and law enforcement, but also in popular media where 
laboratories are often shown using mass spectrometry to iden-
tify any unknown. The utility of mass spectrometry is marked 
by its ability to provide specific structural and molecular 
identification of unknown compounds from only trace levels 
of samples. Its combination of high sensitivity as well as 
powerful specificity makes it the analyzer of choice for many 
applications. The applications are vast, from drug and explo-
a frequency resonant to axial ion oscillation frequency, the 
axial component is amplified until the resonant ions are 
ejected along the axis. By positioning a photomultiplier along 
this axis, the ejected ions can be detected. 
Another example of mass analysis in an electrostatic ion 
trap was demonstrated by me using a multi-pass reflectron 
time-of flight (TOF) mass spectrometer (see, e.g., U.S. Pat. 
No. 6,013,913 to Dr. Curtiss Hanson, which is incorporated 
50 sive testing in law enforcement to pesticide and toxin identi-
fication in the environment. Initially, mass spectrometry was 
an expensive technique that was found only in the most tech-
nical laboratories. Today mass spectrometers can be found in 
by reference herein). Typically reflectrons are included in 55 
TOF instruments to focus kinetic energy differences between 
ions of the same mass thus increasing the mass resolution of 
the instrument. A TOF system that contains two coaxial 
reflectrons becomes similar in design to the Kingdon trap 
with ions trapped in the radial direction by an EPG electrode 60 
and axially by the two reflectrons. Ions can be reflected back 
and forth with the mirrors increasing the net flight length and 
permitting kinetic energy focusing for enhanced resolution. 
Similar to the mass instability mode of the orbitrap, ion detec-
tion is accomplished by dropping the applied voltage on one 65 
of the reflectrons, with mass analysis achieved by the time of 
flight to the detector. 
almost every analytical laboratory and hospital. As the cost 
and size of these instruments has decreased, their impact has 
grown in an increasing range of applications. 
The term mass spectrometry refers to the analysis and 
identification of compounds by measuring their molecular 
mass. In the simplest sense, the analyzer is similar to a bal-
ance, weighing the molecule and evaluating its structure on 
the basis of its mass. There are many types of mass analyzers 
because of the large number of methods available for sepa-
rating and measuring masses of particles. Just as balances for 
determining the weight of objects have developed over time, 
so have the instruments for measuring masses of molecules. 
Since the early 1980's technological advances have led to the 
development of a number of different instruments for mass 
US 8,933,397 Bl 
5 
spectrometric analysis. These new generation mass spec-
trometers have increased the sensitivity and versatility of the 
technique by trapping ions for prolonged periods of time, 
allowing enhanced chemical study. These ion trap analyzers 
have typically relied on quadrupolar electric 
fields cxxxii_xxxiii_xxxiv.xxxv) or crossed electric and magnetic 
fields cxxxvi.xxxvii) to both contain and analyze the molecules. 
Although the versatility and performance of these ion trap 
analyzers make them a valuable technique for trace molecular 
analysis cxxxviit.xxxix), the high cost of the instruments limits 
their broader use. 10 
Creation of the electric fields needed to trap and analyze 
molecules has always relied on producing uniquely shaped 
electrodes that will provide the desired effect. These complex 
shaped electrodes are often both difficult and expensive to 
produce, resulting in high cost and an inability to reduce the 15 
size of the instrument which limits the portability andrange of 
implementation of the spectrometer. In my laboratory at the 
University of Northern Iowa, we developed a new method of 
producing electrodes in which insulators are coated with 
semiconductor polymers CX1). By varying the conductivity of 20 
the surface of the electrode, it is possible to create complex 
shaped electric fields through chemical modification rather 
than physical manipulation of the shape of the electrode. 
Using this approach, a single chemically modified electrode 
can be used to create any potential surface desired. This 25 
system provides an alternative method of electric field gen-
eration and has been used to develop new methods of mass 
analysis. 
The concept of a MPIG is described in detail (called "vari-
able potential ion guide) in U.S. Pat. No. 6,657,190 to Dr. 30 
Curtiss Hanson and Paul Trent and is incorporated by refer-
ence herein.Using this approach, it is possible to create a user 
defined electric field by altering the resistivity of the surface 
of an electrode. 
However, the inventor has identified there is room for 35 
improvement in the state of the art, and discovered that prin-
ciples from his prior work can be applied in beneficial ways in 
the context of ion trap mass analyzers. 
II. SUMMARY OF THE INVENTION 40 
6 
more complex studies of the structure which is required for 
complete compound identification. In contrast to electric 
fields that are created by the physical shape of the electrode 
(e.g., quadrupole ions traps and orbitrap analyzers), this 
design provides a route to an inexpensive high performance 
mass analyzer. An array of such guide electrodes promotes 
the benefit of delocalization, which can improve perfor-
mance. 
Therefore, a principle object, feature, aspect, or advantage 
of the present invention is an apparatus, method, and/or sys-
tem which represent(s) improvements or enhancements to the 
state of the art and/or solves or improves over problems and 
deficiencies in the state of the art. 
Other objects, features, aspects, or advantages of the 
present invention are a mass analysis apparatus, method, or 
system which provides one or more of the following: 
a. ability to handle a wide range of molecules and masses; 
b. ability to perform linked scans, e.g. for isolating specific 
ions for in-depth structural studies (e.g. MS-MS and 
MSn); 
c. economic and efficient manufacture and use, including at 
a significantly lower cost than at least many or most 
existing methods; 
d. expansion of the area of homogeneity of the trapping 
field by delocalization to, for example, address space-
charge repulsion problems, and support detection over 
an increased area to increase dynamic range while 
enhancing limits of detection; 
e. good ion transmission efficiency; 
f. avoidance of preconditioning of ions before processing 
in the ion trap mass analyzer; 
g. ability to be scaled up or down in size; including minia-
turized (e.g. to micro- or nano-scale), to expand flexibil-
ity of use including to allow field use instead of acqui-
sition of samples and transport to a laboratory. 
h. high flexibility including the number of MPIG elec-
trodes, the nature and configuration of the MPIG elec-
trodes, and the applications to which they are used (e.g. 
a variety of mass analysis applications, a variety of 
detection applications, selective elimination of ions, 
linked tests, etc.). 
In one aspect of the invention, an ion trap mass analyzer 
includes a variable- or multi-potential ion guide (MPIG) 
assembly which has been pre-configured to produce a para-
Based on the design of the MPIG electrode ofU.S. Pat. No. 
6,657,190, I have just completed tests of a method of mass 
analysis. This ion trap mass spectrometer system is charac-
terized by the ability to trap and measure the mass of mol-
ecules using a single strand electrode that has been chemi-
cally modified to produce a parabolic field. 
This new approach represents an important step towards 
developing a miniaturized mass analyzer that could be easily 
used anywhere that molecular identification is required. The 
laboratory data from this instrument demonstrates the ability 
to separate and analyze molecules on the basis of their mass. 
45 bolic field. Each MPIG electrode has a resistive coating of 
designed characteristics. In one example the coating varies in 
thickness long the length of an underlying uniform substrate. 
The MPIG assembly can be a single MPIG electrode or an 
array of a plurality ofMPIG electrodes. An array can facilitate 
In addition, the instrument has been shown to have a remark-
able ability to store molecules for long periods of time, per-
mitting not only simple mass analysis but also the ability to 
perform more complex studies of the structure which is 
required for complete compound identification. 
The basis for this new method of analysis is the creation of 
a true parabolic electric field generated by an array ofmulti-
potential ion guides (MPIG) electrodes. The field generated 
by coating the surface of an insulator with a semi-conductive 
polymer produces a continuum of user defined potentials. The 
laboratory data from this instrument demonstrates the ability 
50 delocalization for improved performance. This chemical 
modification of a uniform underlying substrate promotes 
cheaper and flexible instruments. Variations in the coating are 
easy to make and apply. Also, this paradigm provides the 
ability to miniaturize these instruments. This can allow field 
55 use outside a laboratory for a variety of useful tasks. The 
paradigm allows a variety of analysis methods, and compat-
ibility with tandem or other analysis methods. 
These and other objects, features, aspects or advantages of 
the present invention will become more apparent with refer-
60 ence to the accompanying specification. 
III. BRIEF DESCRIPTION OF THE DRAWINGS 
to separate and analyze molecules based on the frequency of 
motion in a parabolic potential energy field. The instrument 65 
has demonstrated not only the ability to store molecules for 
long periods of time, but also provides the ability to perform 
From time-to-time in this description reference will be 
taken to the attached Drawings, which are identified and 
summarized below. These Drawings are a part of and incor-
porated by reference to this specification. 
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FIG. lA is reduced-in-scale perspective view of a multi-
potential ion guide (MPIG) used as the mass analyzer in an 
analytical instrument according to a first exemplary embodi-
ment according to the present invention. 
FIG. lB is a side elevation sectional view of the MPIG of 5 
FIG. lA with an enlarged view of a portion of the MPIG for 
clarity. 
8 
array could be a module that could be one or plural such 
modules combined into a larger apparatus. 
FIG. 17A is a perspective view of another configuration of 
a plural modified MPIG array in assembly with supply and 
reference electrodes. 
FIG. 17B is a schematic depiction of the array of FIG. 17 A 
in section and includes an optional ionization probe. 
FIG. 2 is a graph illustrating electric potential generated by 
the semiconductor surface of the MPIG of FIGS. lA and Bin 
one embodiment and use. 
FIG. 3A is a reduced-in-scale perspective view of an ana-
lytical instrument, referred to here as a harmonic oscillator 
ion trap, incorporating the MPIG of FIGS. lA and B. 
FIG. 17C is a plot of the potential energy field associated 
with the array of FIGS. 17 A and B. 
1° FIGS. 18A-C are schematic illustrations of ion detection 
by ion ejection with a plural MPIG array of the type of FIGS. 
17A-C. 
FIGS. 19A-C are schematic illustrations of inductive 
FIG. 3B is a partially exploded, partial sectional illustra-
tion illustrating the interior structure of the instrument of FIG. 
3A, including the MPIG of FIGS. lA-B. 
15 detection with Fourier transform analysis with a plural MPIG 
array of the type of FIGS. 17A-C. 
FIGS. 4A-C are diagrammatical sectional views (left side) 
of the single MPIG instrument of FIGS. 3A and B, and asso-
ciated graphs (right side) illustrating the ability of the instru- 20 
ment to trap ions. 
IV. DETAILED DESCRIPTION OF EXEMPLARY 
EMBODIMENTS 
A. Overview 
As indicated in the Summary of the Invention, a central 
aspect of the present invention is the utilization of a modified 
Multi-potential Ion Guide (MPIG) in an ion trap device. The 
FIGS.SA-Care diagrammatical sectional views (left side) 
similar to FIGS. 4A-C, and associated graphs (right side) 
illustrating a specific method of operation of the instrument to 
provide broadband detection of ions. 
FIGS. 6A and 6B are graphs illustrating principles of 
operation (e.g. frequency response) of the instrument of 
FIGS. 1-5. 
FIG. 7A is a side elevation sectional view of alternative 
structure of a modified MPIG according to an alternative 
exemplary embodiment according to the present invention. 
25 ability to control the resistive coating on an underlying sub-
strate is a cost-effective and flexible way to vary the potential 
field of the ion guide. This leads to such benefits as cheaper 
mass analysis instruments, as well as the ability to produce 
them in a form that can be taken out oflaboratory settings and 
FIG. 7B is graph illustrating the voltage gradient produced 
by the embodiment of FIG. 7A. 
FIG. 8 is a sectioned perspective view of an alternative 
configuration of an analytical instrument using one of the 
modified MPIGs but with an inductive imaging detection 
set-up. 
30 into the field. It has also been discovered that improvements 
in ion trapping and related functions can be achieved. And, it 
has been discovered that an array of plural MPIGs can be used 
in one instrument. The ability to chemically modify each such 
MPIG by application of such coatings likewise makes a plural 
35 
FIGS. 9A-C are diagrammatical sectional views (left side) 
of the single MPIG instrument of FIGS. 7A and B, and asso-
ciated graphs (right side) illustrating the ability of the instru- 40 
ment to trap and detect ions by the inductive imaging detec-
tion set-up of FIG. 8. 
FIGS. lOA-E are diagrammatical sectional views (left 
side) of the single MPIG instrument of FIGS. 7A and B, and 
associated graphs (right side) illustrating the ability of the 45 
instrument of FIG. 8 to eject unwanted ions, and trap and 
detect ions by inductive imaging detection. 
FIG. llA is a diagrammatic illustration of a simple minia-
turized ion trap using a modified MPI G of the configuration of 
those of FIGS. lA and B or 7 A and B according to another 50 
exemplary embodiment of the present invention. 
FIG. llB is a diagrammatic simulation of ion trajectory in 
the trap of FIG. llA. 
FIG. 12 is a plot related to operation of a modified MPIG 
such as in FIGS. lA and B or FIGS. 7A and B. 
FIG. 13 is a diagrammatic depiction of ion trajectory for a 
plural modified MPIG array according to another exemplary 
embodiment of the present invention. 
55 
ion guide instrument cheaper to produce than use of other 
state of the art ion guides. It has also been discovered that use 
of an array of MPIGs can delocalize an ion trap over the 
plurality of ion guides to boost performance of the instru-
ment. 
The invention can take many forms and embodiments. But 
to better understand the invention, reference should be taken 
to the following exemplary embodiments and aspects. Dis-
cussion of proof of concepts is also included. 
B. Single MPIG Examples 
Disclosed here are examples of use of a single modified 
MPIG type electrode in an ion trap instrument. FIGS. 1-6 
show the structure of a first example of a single modified 
MPIG (FIGS. lA and B), its assembly into an ion trap instru-
ment (FIGS. 2A and B), and diagrams related to its operation 
in the ion trap. Note particularly that this embodiment pro-
duces what is described as a partial parabola (specifically 
"half of a parabola"). This is illustrated in FIGS. 2, 4A-C, 
SA-C, and 6A-B. 
The benefits of such a combination are discussed below. 
One is that ion motion will oscillate back and forth in the 
trapping space within the modified MPIG electric field with a 
frequency that is proportional to the mass of the molecule. 
This provides a direct way to detect and differentiate mass. FIG. 14 is a computer generated model of a potential 
energy well created by the array of FIG. 13. 
FIGS. 15A and B are plots of axial position of an ion 
trapped in an array analyzer of the type of FIG. 13. 
FIG. 16 is a partially exploded diagrammatic illustration of 
an array of plural miniaturized modified MPIGs like the one 
60 Coordinated operation with the other components of the ion 
trap (e.g. endcap grid electrode) provides an effective ion 
trap. This leads to use of this combination in a variety of ways 
including but not limited to mass separation, mass detection, 
in FIG. llA according to another exemplary embodiment of 65 
the present invention. The left-side circular member is 
intended to schematically illustrate that the enlarged in scale 
mass selection, and tandem or linked tests. 
Note then how a full parabola embodiment is described. 
This embodiment produces what is described as full parabola 
(specifically "an entire parabola"). This is illustrated in FIGS. 
US 8,933,397 Bl 
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7 A and B, 9A-C, and lOA-E. This improves the potential field 
of the modified MPIG and provides other benefits discussed 
below. 
10 
components. Analyzer 20 essentially constitutes a harmonic 
oscillator ion trap incorporating the MPIG 12. 
The key to my method of mass analysis is the use of a 
multi-potential ion guide (MPIG). The MPIG is a single 
strand ion guide that creates a varying potential field by using 
user controlled resistive coating as the electrode surface. By 
varying the conductivity of the surface of the electrode, it is 
possible to use the single electrode as a voltage dividing 
device which alters the potential field generated by the ion 
guide at different locations. This electrode can be used to 
create any potential surface desired at the center of the spec-
trometer near the ions flight region. This is in contrast to more 
common approaches which use multiple external electrodes 
that attempt to control the ion flight and therefore mass analy- 15 
SIS. 
Ion trajectories within this harmonic oscillator trap were 
studied theoretically using the ion trajectory simulation pro-
gram SIMION (available from Scientific Information Ser-
vices, Inc., 1027 Old York Road, Ringoes, N.J. 08551-1054. 
USA; see also www.simion.com including documentation for 
the program. These trajectory studies demonstrated a simple 
relationship between mass (mass to charge ratio) and fre-
lO quency of oscillation along the axis of the MPIG. 
Diagrams of the electrode assembly 10 are shown in FIGS. 
lA and lB. In one example, a 1 mm aluminum oxide insulator 
16 was coated with a combination of a silver doped conduc-
tive polymer and a resistive polymer coating 18 to create 20 
regions of conductivity as well as discrete resistance along the 
electrode 12 surface. The polymer coatings 18 were acquired 
from METCH Electronic Materials Technology and provided 
resistances in the mega ohm range. See U.S. Pat. No. 6,657, 
190 regarding construction of the electrode. Other configu- 25 
rations of coating 18 for achieving a desired potential field 
according to the invention are, of course, possible. 
FIGS. lA and lB thus illustrate one example of the basic 
structure of a modified Multi-potential ion guide (MPI G) type 
electrode assembly that can be used as the mass analyzer in an 30 
analytical instrument such as shown at FIGS. 2A and 2B. 
Electrode assembly 10 includes a feed wire 14 along the 
longitudinal axis of the silica insulator 16; as well as an 
insulator sleeve 28 that allows mounting of electrode 12 in a 
plate 30 (e.g. can be conductive and used as an ion repeller or 35 
otherwise as is known in the art). 
When a voltage difference is placed between the two ends 
of the electrode 12, a potential gradient defined by the resis-
tance will be created. In this mamier, a single electrode 12 can 
be used in a constantly changing field by changing the resis- 40 
tivity of the surface to alter the resultant voltage. 
FIG. 2 is a graph illustrating electric potential generated by 
the semiconductor surface 18 of the MPI G 12. Note how it has 
a partial parabolic shape. 
k 
Oscilation Frequency=---;====== 
,/mass of molecule 
Where k is a proportionality constant dependent upon the 
shape of the electric field generated by the MPIG. 
A test of the analyzer 20 was accomplished using Cesium 
Iodide. Cesium Iodide is a standard calibrant used because of 
its ability to produce cluster ions at repeatable intervals. In 
this experiment, Cesium ions were desorbed in the analyzer 
cavity using laser desorption methods (well known in the art). 
Initially, the ability of the system 20 to trap ions was studied 
by holding the potential on the end cap grid electrode 36 at a 
high potential. The potential on the grid electrode 3 6 kept the 
ions from leaving the potential field generated by the MPIG 
12, thus trapping them within the cavity of the analyzer 20. 
Following a variable delay, the potential on the grid 36 was 
dropped and the ions exited the trap and were accelerated into 
the electron multiplier detector 38, generating a signal. This 
process is illustrated in FIGS. 4A-C. Through this approach 
the ability of the system 20 to effectively trap ions was veri-
fied. 
FIGS. 4A-C illustrate the following: A) Ions are produced 
by laser desorption of CsI located on the probe 12. Ion for-
mation occurs over a large area within the trap. Ions formed 
either too prompt or too slow are not trapped in the cell 22. 
Only ions formed within the low potential energy region of 
the ion trap are effectively trapped in the potential well. B) 
trapped ions are allowed to resonant within the field for peri-
ods ranging from 2-500 ms. C) the voltage on the grid elec-
trode 36 is dropped and the ions are accelerated from the trap 
Shown in FIG. 2 is the variable resistance of the electrode 
12 that is used to create a parabolic field gradient. Varying the 
thickness of a semiconductor coating controls the resistance 
45 into the detector 38. 
Because the oscillatory frequency of each mass is unique, 
mass determination is accomplished by monitoring an ion's 
response to an applied rf field. This detection can be achieved 
by several different methods. 
The simplest approach to ion detection in the proposed cell 
is through the use of an electron multiplier located outside the 
boundaries of the potential well (FIG. 3). If an rf field is 
applied to the trap plates it will accelerate any ions of that 
mass. If any ions of that mass are present in the trap they will 
be accelerated and escape the trap striking the electron mul-
tiplier and thereby creating a signal. If no ions of that mass are 
present in the cell, no signal will be generated. By sweeping 
a range of rf frequencies using an rf sweep generator, signals 
will be detected at the frequencies where ions trapped in the 
of the surface 18 resulting in a voltage gradient. This shape of 
field gradient creates harmonic oscillations of ions that are 
attracted to the resultant electric fields. In order to mimic a 50 
harmonic oscillator, the MPIG 12 was created as half of a 
parabola. Using an end cap electrode 30 as an electrostatic 
mirror, ions trapped in the resultant field are reflected back up 
the field generated by the MPIG 12 creating the effect of 
being trapped in a potential well. Harmonic oscillations are 55 
created by a system that constantly produces a force that is 
proportional to the location within the system. This kind of 
proportional force results in ion motion that will oscillate 
back and forth within the electric field with a frequency that is 
proportional to the mass of the molecule. 60 cell come into resonance thus permitting broadband detec-
tion. This process is demonstrated in FIG. 5. In order for the electrode 12 to produce the desired field, 
additional electrodes are used to generate the needed field 
lines. A diagram of the complete analyzer instrument 20 
containing the MPIG assembly 10 is shown in FIG. 3. 
FIG. 3A illustrates how analytical chamber portion 22 of 65 
analyzer 20 can be connected at one end to a mounting plate 
24 to allow analyzer 20 to be anchored or attached to other 
FIG. 5 diagranimatically illustrates ions that are formed in 
the low potential energy region of the trap are stored for 
periods ranging from 2-500 ms. When a resonant electric field 
is superimposed on the repeller endcap, ions are accelerated 
by the resonant field, exit the analyzer, and are detected by the 
electron multiplier detector. 
US 8,933,397 Bl 
11 
The results of the ion signal as a function of the frequency 
of the applied electric field are shown in FIG. 6. FIG. 6 is 
essentially showing frequency response of what is called here 
a harmonic oscillator ion trap. 
As seen in FIG. 6, signals were generated as a function of 
the resonant oscillating electric field applied at 260, 150 and 
115 kHz which correspond to the expected calibration ions 
having masses of 133 amu (Cs+), 393 amu (Cs(CsI)) and 653 
amu (Cs(CsI)2). This data clearly illustrates the ability of a 
modified multi-potential electrode 12 to act as a mass ana-
lyzer. 
FIG. 12 is a plot of the observed frequency of the ion 
motion (kHz) as a function of the voltage applied to the MPIG 
electrode 
This initial system was then used to study the oscillatory 
frequency of the ion motion as a function of the voltage 
applied to the MPIG. As seen in the FIG. 5, the observed 
oscillatory frequency of the Cs+ ions (m/z 133) increases as 
the square root of the voltage applied to the MPIG. This is 
consistent with theoretical ion trajectories studied using the 
ion trajectory simulation program SIMION. These studies 
demonstrated a simple relationship between mass (mass to 
charge ratio) and frequency of oscillation along the axis of the 
MPIG where k is a proportionality constant dependent upon 
the shape of the electric field generated by the MPIG. 
12 
This type of detection eliminates the need for the electron 
multiplier detector further reducing the size requirements of 
the instrument. A diagram of an instrument 20' is shown in 
FIG. 8, a cutaway view of a harmonic oscillator ion trap using 
inductive plate detection. 
This induced image current can be amplified by a high 
impedance differential amplifier to produce a detectable fre-
quency using a standard oscilloscope or an analog-to-digital 
(A-D) converter. When ions of only one mass are driven into 
10 
coherence, a single frequency corresponding to that m/z will 
be detected. If a range of rf frequencies are applied, such that 
ions of all masses are driven into coherence (but not ejected), 
then the detected signal will be a complex mixture of the sum 
15 of the individual frequencies. This complex mixture can be 
deconvoluted using a Fourier or Hadamard transform into the 
individual frequency components. This process is illustrated 
in FIGS. 9A-C. FIG. 9A diagrammatically illustrates ions 
formed and trapped within the analyzer chamber with ini-
20 tially random velocity vectors will exhibit random phases of 
the periodic motions. FIG. 9B illustrates application of an rf 
excitation of all frequencies across the endcap electrodes 26' 
gives the ions energy and induces coherence of their periodic 
motion. FIG. 9C illustrates the rf electric field is turned off 
25 and the ions continue to move with their natural periodic 
motion, inducing an image current in the detection plates of 
the analyzer. 
Perturbations in field lines at the junction between the 
modified MPIG 12 and the endcap grid electrode 36 may 
cause limitations to both the resolution and trapping effi-
ciency. As shown in FIG. 2, the original MPIG embodiment 
was created as half of a parabola. This initial design was used 30 
to permit effective evaluation of the operation of the system 
and demonstrate function.Use of the endcap grid electrode 36 
Using this method it is possible to simultaneously detect 
the frequencies of all ions trapped in the cell and produce a 
mass spectrum. The performance characteristics of the mass 
analyzer are greatly enhanced by using Fourier transform 
data analysis (well known in the art). Because ion detection is 
based on a digitized frequency instead of a detector response, 
mass resolution is based on time of observation. This results 
as an electrostatic mirror created the effect of an ion being 
trapped in a parabolic well. However, variations in the field 
lines at the junction between the MPIG 12 and the end cap 36 35 
distort the periodic motions of the ions to a small extent. 
These distortions can produce variations in the oscillatory 
frequency and may result in a loss of resolution and trapping 
efficiency. 
in both an improvement in signal to noise ratio as well as 
resolution. 
In addition to the inherent advantages of Fourier analysis 
on the induced image current, this approach also permits 
tandem mass spectrometry experiments. 
This limitation can be addressed by creating an MPIG that 40 
creates the entire parabolic field, eliminating the need for an 
electrostatic mirror. The cross sectional design of this alter-
native MPIG 12 is shown in FIG. 7A. 
FIG. lOA diagrammatically illustrates a mixture ofions are 
trapped within the analyzer chamber. FIG. lOB shows reso-
nant excitation of unwanted ions accelerates them beyond the 
boundaries of the analyzer chamber. FIG. lOC depicts iso-
lated ions of interest are trapped within the analyzer chamber FIG. 7A is a schematic diagram of the cross section of the 
proposed MPIG 12'. FIG. 7B is a diagram illustrating the 
resultant voltage gradient produced by varying the thickness 
of the semiconductor polymer 18'. 
As shown in FIG. 7A, the center of the MPIG 12' will be 
tapped with a supply wire 14' to feed the voltage to the center 
19 of the electrode 12'. The rest of the circuit is completed by 
connections 15L and 15R to the ends of the MPIG 12'. The 
voltage supplied to the center 19 of the electrode 12' is divided 
by the resistance of the semiconductor 18' resulting in the 
voltage gradient shown in FIG. 7B. Similar to the original 
MPIG 12, the thickness of the semiconductor 18' will be 
varied to produce the desired potential gradient. By creating 
the complete parabolic potential field, inhomogeneities of the 
initial design 12 may be eliminated improving the resolution 
and trapping efficiency of the instrument 20. 
In addition to improving the potential field of the analyzer, 
the complete parabolic electrode 12' also is compatible with 
alternate methods of ion detection. By allowing the ions to 
move freely between trapping plates 26' at opposite ends of 
MPIG 12', their oscillatory frequency can be measured by 
detecting an induced image in the trapping plates 26'. The 
detected current is generated by the coherent motion of a 
packet of ions as it moves between the opposing plates 26'. 
45 for chemical study. FIG. lOD indicates how the selected ions 
are driven into coherence by rf electric field excitation and 
FIG. lOE, how they are detected using the inductance detec-
tion plates. 
Tandem mass spectrometry, or linked scans allows mix-
50 tures of compounds to be separated into their individual com-
ponents by selecting a specific compound for study. The 
selected ion can then be analyzed for structural identification 
by several different processes, such as photo-dissociation or 
collision induced dissociation. Typically, this type of analysis 
55 requires two complete instruments that are connected by an 
interface. In Fourier transform instruments, the separation 
and analysis is separated in time rather than space allowing 
greater flexibility in structural elucidation studies. Illustrated 
in FIGS. lOA-E is an example of a simple MS-MS experi-
60 ment. The ability to eliminate unwanted ions from the ana-
lyzer has already been demonstrated by the data shown in 
FIGS. 6A-B. These peaks observed in those spectra were 
generated by the rf ejection of selected ions using resonant 
electric field excitation. Using this proven technique, ions of 
65 interest can be selected within the analyzer for chemical and 
structural study. Because the analysis is separated in time, 
multiple experiments can be conducted on the sample ion. 
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The potential for continuing studies in time on trapped ions is 
referred to as MSn and is possible only in a few select research 
grade mass analyzers. 
Unlike presently available mass spectrometers which are 
constructed by machining complex shapes to create the 
required field lines, the electric fields generated by the MPIG 
are created by chemical modification of an insulator. Using 
the advances in nano-science and nano-chemistry, the process 
14 
ized analysis increasing both the sensitivity and the dynamic 
range of the instrument compared to other available methods 
of mass analysis. The array of MPIG electrodes would also 
produce a radially homogeneous electric field. By eliminat-
ing the radial inhomogeneity, the oscillatory frequencies of 
the trapped ions would be unaffected by motion perpendicu-
lar to parabolic field, thus resulting in increased resolution. 
Because the oscillatory motion is not perturbated by radial 
fields, ions that are injected into the analyzer would not need of chemical modification at the micro scale is a well-devel-
oped technique and known to those skilled in the art. There-
fore, creation of a microscale MPIG analyzer is within the 
reach of presently existing scientific methods. As previously 
stated, mass spectrometry is already used in all areas of analy-
10 to be collimated or relaxed into a specific location to permit 
analysis. This geometry will not only simplify the trapping 
and detection of injected ions but also greatly improve ion 
trapping efficiency and therefore sensitivity. Using this 
approach also simplifies the introduction and collection of sis because of its powerful ability to identify molecules 
present at only trace levels in the environment. Miniaturiza-
tion of the analyzer would permit detection of environmental 
hazards, such as radioactive isotopes, radon, pesticides, and 
also be routinely used by law enforcement for detection of 
drugs, accelerants, and explosives while in the field eliminat-
ing the need to collect the samples and transport them to a 20 
laboratory for analysis. 
15 ions from external ion sources such as Electrospray Ioniza-
tion (ESI) enhancing its effectiveness for biological samples. 
Finally, because of the frequency dependent motion of the 
ions, this analyzer is compatible with multiple established 
methods of ion detection. 
The ability to miniaturize this type of analyzer has been 
studied theoretically in my laboratory using SIMION. Con-
tained in FIG. llB is the theoretical trajectory for an ion 
trapped in a parabolic electric field generated by a single 25 
MPIG electrode 12' and a flat reference electrode 44. The 
dimensions of this ion trap 40 have been reduced to 0.2 mm. 
The theoretical trajectories for ions trapped in a delocal-
ized MPIG array mass analyzer were studied using SIMI ON. 
The trajectory of an ion trapped in the parabolic field gener-
ated by an array of twenty MPIG electrodes is shown in FIG. 
13. It is important to note that the ion is not constrained by a 
single electrode but is free to move in a radial direction 
between the electrodes. The parabolic potential surface cre-
ated along the axial direction is illustrated in FIG. 14. 
As seen in the theoretical trajectory the ions are effectively 
trapped using a voltage of only -SOOY. Frequency analysis of 
the axial motion shows the same mass to frequency relation-
ship as seen on the larger scale. This simulation confirms the 
ability to reduce the size of the analyzer and the voltage 
requirements of the MPIG. 
FIGS. 13 and 14 illustrate the theoretical trajectory of an 
ion and cross section of the potential energy well of a delo-
30 calized MPIG array mass analyzer calculated using the ion 
simulation program SIMI ON. 
Thus FIG. llA gives a diagrammatical indication of a 
model of a simple miniaturized ion trap and FIG. llB the 35 
simulated ion trajectory of ions trapped by such an MPIG 
calculated using SIMION. 
Because the analyzer can reduced to this dimension, it is 
possible to combine a large number ofMPIG electrodes in to 
an array sensor. This type of sensor would boost the perfor- 40 
mance of the analyzer by delocalizing the ion trap over a large 
number of miniature electrodes. A conceptual illustration of 
such an analyzer is shown in FIG. 16: 
The FIG. 16 a conceptual diagram of a miniaturized MPIG 
array detector 50 utilizing two grid reference electrodes 44' 45 
and 46' and an array of MPIG electrodes 12' to trap and 
analyze trapped ions. Additional discussion of a plural MPIG 
array is below. 
C. Plural MPIG Array Example 
Basic principles about the array are as follows. Reference 50 
can also betaken to attached FIGS.12, 13, 14, 15A and B, 16, 
17A-C, 18A-C, and 19A-C. 
Disclosed are examples of use of a plural MPIG array in an 
ion trap instrument. FIGS. 13, 16, and 17A-C and 19A-C 
illustrate the structure of a plural MPIG array. Diagrammatic 55 
views related to its principle of operation are also referenced. 
Note particularly that this embodiment permits delocalized 
analysis increasing both the sensitivity and the dynamic range 
The electric field traps the ions and induces a harmonic 
motion along the axial direction. The lack of a potential 
barrier between the individual electrodes results in the flat 
region in the center of the field. This region permits the ions to 
freely move in a radial direction within the center of the array. 
Because of the relative potential difference between the cen-
ter of the array and the outside edge, the potential barrier that 
exists at the extremes of the array traps the ions in a radial 
direction. The lack of a radial component in the center of the 
field increases resolution because the frequency of the ion 
motion along the axis of the electrodes is unperturbed by 
radial acceleration. This results in an oscillatory frequency 
that is dependent only upon the mass of the ion and the 
potential of the electrode. 
The frequency of ion motion in the MPIG array analyzer 
can be examined by analyzing the axial position of the theo-
retical trajectories of ions as illustrated in FIGS. 15A and B. 
FIGS. 15A and B are plots of the axial position of an ion 
trapped in the array analyzer calculated by SIMION. FIG. 
15A contains the axial location of an ion following a trapping 
time of 2000 ms. The resultant sinusoidal plot indicates the 
periodic motion of the trapped ion. Contained in 15B is the 
axial location of the trapped ion following a total trapping 
time of 4000 ms. Although it can be noted that the amplitude 
of the motion has decreased due to redirection of the ion 
motion in the radial direction, the frequency remained the 
same. This further illustrates that the frequency of the ion 
motion is solely related to the mass of the ion and not the of the instrument compared to other available methods of 
mass analysis. 60 radial energy. 
The benefits of such a combination are discussed below. 
That discussion confirms compatibility of this array version 
with various mass analysis methods. 
Tests illustrate the ability of a single chemically treated 
electrode to perform mass analysis, the same approach can be 
used to create an analyzer comprised of multiple discrete 
electrodes. Using several discrete electrodes permits delocal-
Because the effect of radial or divergent trajectories has 
little or no effect on the analysis of trapped ions, this geometry 
is ideally suited for trapping and detection of ions produced 
from an external ion source. Because ions can be introduced 
65 into the trap without regard to position or radial kinetic 
energy, interfaces for ionization are simplified. Therefore, the 
proposed analyzer provides a straightforward inexpensive 
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route to a low cost, high performance Fourier transform ion 
trap mass analyzer. This analyzer is ideally suited for biologi-
cal samples that are commonly introduced from an external 
10n source. 
16 
defined by the thickness of the resistive polymer coating of 
the MPIG electrode. Though this approach, the shape of the 
potential well can be optimized to provide the best possible 
performance characteristics. In the initial test of the system, 
the MPIG will be constructed to create half of the parabolic 
well with the reference electrode acting as an electrostatic 
mirror generating a complete parabolic well. Although mul-
tiple shapes have been tested in our laboratory, previous 
experiments have indicated that this geometry provides the 
The periodic motion of the trapped ions along the axial 
direction is compatible with inductive detection methods and 
consequently Fourier transform methods of data analysis. 
Inductive detection methods permit a multi-channel or Fel-
leget advantage in signal to noise ratio relative to dispersive 
techniques of detection. Because there is no tradeoffbetween 
sensitivity and resolution, high resolution mass measure-
ments are possible for this type of instrument. Furthermore, 
since our previous work with this instrument demonstrates 
the ability to eject selected ions from the ion trap for resonant 
detection, it is possible to eject unwanted ions from the trap 
for selected ion studies in an MS-MS experiment. Using the 
flexibility inherent in the design of this ion trap, MS-MS and 
MSn experiments could be made available at a lower cost to a 
wider range of laboratories and applications than currently 
have this technology. 
10 greatest flexibility for evaluating performance. 
FIGS. 18A-C illustrate ion detection using an electron 
multiplier by ion ejection with a resonant rf electric field. 
Ion detection can be accomplished with an electron multi-
plier using resonant ion ejection similar to mass instability 
15 detection schemes in a quadruple ion trap mass spectrometer. 
This detection method has been previously tested in the single 
electrode MPIG analyzer, and permit us to evaluate trapping 
and detection of ions formed from different ionization meth-
ods (e.g., Electron impact ionization, Laser desorption, and 
20 Electrospray ionization). The process is illustrated in FIGS. 
18A-C. Ions can be produced in the center of the array by 
electron impact of volatile samples. Electron impact ioniza-
tion was selected for the primary test of the MPIG array mass 
Finally, miniaturization of the proposed analyzer is simpli-
fied because the electrodes in this instrument are created by 
chemical modification in contrast to mechanically changing 
the physical shape of the electrode as in other mass analyzers. 
The ability to miniaturize this type of analyzer has been 25 
studied theoretically in my laboratory using SIMION. Con-
tained in FIG. llB is the theoretical trajectory for an ion 
trapped in a parabolic electric field generated by a single 
MPI G electrode and a flat reference electrode (see FIG. llA ). 
The dimensions of the ion trap have been reduced to 0.2 mm. 30 
As seen in the theoretical trajectory, the ions are effectively 
trapped using a voltage of only -SOOY. Frequency analysis of 
the axial motion shows the same mass to frequency relation-
ship as seen on the larger scale. This simulation not only 
confirms the ability to reduce the size of the analyzer, but also 35 
the voltage requirements of the MPIG. 
Thus FIGS. llA and B provide a theoretical model of a 
simple miniaturized ion trap and the simulated ion trajectory 
of ions trapped by the MPIG calculated using SIMI ON. 
Because the analyzer can be reduced to this dimension, it is 40 
possible to boost the performance of the analyzer by combin-
ing a large number of MPIG electrodes into a miniaturized 
array. A conceptual diagram of the miniaturized MPIG array 
is shown in FIG. 16; a conceptual diagram of a miniaturized 
MPIG array detector 50 utilizing two grid reference elec- 45 
trodes and an array of MPIG electrodes to trap and analyze 
trapped ions. 
One example of such a system is comprised of more than a 
few (e.g. twenty-two) individual MPIG electrodes 12 
anchored to a single base electrode 44' and a separate refer- 50 
ence electrode 46' that defines the potential field (see FIG. 
17A). 
A diagram of the proposed analyzer and the resultant 
potential energy field is shown in FIGS. 17B and C respec-
tively. The depth of the potential well is a controlled by a 55 
negative bias voltage applied to end of the MPIG electrodes 
through the base electrode. The electric field gradient gener-
ated by the MPIG electrode is a result of the voltage differ-
ence between the potential applied to the base and to the tip of 
the electrode. This is controlled by a shielded feed wire at the 60 
center of the MPIG. In addition, an electrically isolated ref-
erence electrode is added at the base of the analyzer to define 
the boundary of the ion trap. This potential serves to create an 
electrostatic barrier such that any ions formed within the 
boundaries of the array will be trapped by the potential at the 65 
tip of the MPIG and the potential of the reference electrode. 
The shape of the potential well between these two extremes is 
analyzer because it provides a reliable baseline with consis-
tent ion formation. Following ion formation, ions will be 
trapped within the boundaries of the potential well with ran-
dom locations and velocity vectors. After a stabilization 
delay, an rf voltage will be applied to the reference electrode 
(FIG. 18B). As the ions trapped within the MPIG array come 
into resonance with the applied electric field, they will gain 
translational energy along the axis of the ion trap. When the 
energy of the ions becomes greater than potential boundary of 
the trap, they will exit and be accelerated into an electron 
multiplier detector. 
A solid insertion probe compatible with laser desorption 
can be used to create ions. As in previous experiments, 
Cesium Iodide can be ionized using a Continuum pulsed 
Nd:YAG laser. Cesium Iodide's ability to produce high 
molecular weight clusters allows us to investigate the effect of 
mass on both resolution and ion storage. In order to demon-
strate the utility of the technique, ions formed from an exter-
nal ESI source can be directly injected into the ion trap. These 
experiments evaluate the ability of the MPI G array to trap and 
analyze externally produced ions, as well as to and determine 
the effective mass range of the instrument. Part of the advan-
tages of this design is the ease in which ionization sources can 
be interchanged with little or no inconvenience to the opera-
tor. 
In addition to ion detection using an electron multiplier, the 
periodic motion of ions can also be detected using inductive 
detection techniques. A diagram of inductive detection fol-
lowed by Fourier transform analysis is illustrated in FIGS. 
19A-C. 
FIGS. 19A-C are illustrations of inductive detection and 
Fourier transform analysis in the proposed MPIG array mass 
analyzer. 
Ions are once again formed within the center of the MPIG 
array and trapped in the potential field. By application of 
either a rapid sweep of rf frequency range (i.e., chirp excita-
tion) or a short de pulse (i.e., impulse excitation) the entire 
mass range of ions trapped in the array will be accelerated to 
higher kinetic energies and driven into coherent motion (FIG. 
19B). Owing to the ability of the coherent ion packets to 
spread out in a radial direction throughout the full cross 
section of the array, it is possible to collect and trap larger 
numbers of ions without the effects of ion-ion repulsion. This 
increases the dynamic range and enhances inductive detec-
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tion by utilizing larger ion densities. In such an experiment, a 
charge fluctuation generated by the motion of the ions can be 
detected by placing a low noise amplifier between the refer-
ence electrode and a detection electrode located at the tip of 
the MPIG electrodes. The image current that is generated can 
be digitized and analyzed using Fourier transform or other 
frequency analysis methods. As mentioned previously, this 
method provides an inherent increase in the signal-to-noise 
ratio because all of the ions are simultaneously detected. 
Inductive detection methods and subsequent Fourier 10 
analysis also provide the potential for in-depth investigations 
of molecular structure or compound reactivity though MS-
MS experiments For example, as demonstrated in previous 
experiments, ions can be accelerated out of the trap using a 15 
resonant rf electric field. The ability to selectively remove 
ions provides the basis for isolating ions of a single mass 
within the trap. When analyzing a mixture or complex struc-
ture, this allows a specific ion to be selected for further study 
18 
can be detected without space charge interferences, thus 
increasing both dynamic range and sensitivity. 
One of the most powerful outcomes of this research is the 
development of a mass analyzer that can provide the power 
and flexibility to conduct extensive mass spectrometry stud-
ies without the cost or upkeep of the typical high performance 
instruments. Reducing the cost while expanding the range of 
applications is enhanced by both the simplicity of the design 
coupled with potential for miniaturization. The reduction of 
size and cost of the instrument will allow mass spectrometry 
experiments of the type described in this proposal to be per-
formed in a wider range of laboratories both academic and 
industrial. In addition, as this type of technology continues to 
develop, mass analyzers will become routine instrumentation 
throughout all the scientific disciplines. As the need for more 
specific information increases within our society, so does our 
need to develop new methods of instrumentation that can be 
made widely available. 
D. Options and Alternatives 
As will be appreciated by those skilled in this art, the 
invention is not limited to the specific forms and embodi-
ments presented herein. Variations obvious to those skilled in 
the art will be included. 
For example, specific configurations of the components, 
in order to examine its specific mass spectrum or chemical 20 
reactivity. Because ions can be stored in the trap for extended 
periods of time, the variety of the experiments possible are 
almost unlimited. Thus, this analyzer provides the power and 
flexibility of other Fourier transform instruments without the 
associated cost. 
We built and tested multiple systems that used MPIG elec-
trodes as analyzers. Different shaped fields including full 
parabolic fields and half parabolic fields were constructed and 
tested. Theoretical trajectory studies have been done for the 
development of a multi-electrode array analyzer. The results 30 
of these studies clearly show that by creating a true parabolic 
well without radial inhomogeneities, ion trapping and reso-
lution are enhanced. Further, the system has already demon-
strated the ability to perform resonant ion ejection which 
permits MS-MS and MSn experiments. This enables 35 
enhanced selectivity as well as flexibility in ion identification. 
25 including the specific shape and characteristics of the coating 
of the modified MPI G, can vary according to need or desire by 
those skilled in the art. Likewise, operating parameters for 
any of the configurations can be varied and selected by those 
skilled in the art according to desire or need for a given 
situation. 
Additionally, the scale of the instrument can vary accord-
ing to need or desire. 
Still further, the specific mode of operation of the ion trap 
instrument can vary, as intimated above. Likewise, combina-
tion with linked or integrated other tests or methods is dis-
cussed. 
The apparatus, systems, and methods of the invention can 
also be applied to a wide variety of analytes. 
The specific examples given herein are by way of example 
and not limitation. 
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7. The method of claim 6 further comprising generating 
additional field lines to sustain harmonic motion of the mol-
ecules wherein the proportional force is correlated to induce 
oscillation at a frequency dependent on mass of the molecule. 
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15. The method of claim 14 wherein the regions of con-
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What is claimed is: 
17. The method of claim 16 wherein the ion guide electrode 
is scaled down by creation of a micro-scale insulator and 
using micro- or nano-scale polymer coating methods to coat 
50 the insulator with the resistive coating. 
1. A method for analysis of ions of an analyte which are 
guided in an analytical chamber by a variable potential type 
elongated ion guide electrode comprising an elongated insu-
lator with a resistive external coating along its length com- 55 
prising: 
a. applying the resistive external coating in a controlled 
manner correlated to produce a parabolic potential 
energy field relative to its length when operated; 
b. generating ions of an analyte; 
c. exposing the generated ions to the parabolic potential 
energy field; and 
d. analyzing at least some of the ions based on differentia-
tion of mass. 
60 
2. The method of claim 1 wherein the ion guide electrode 65 
comprises a single strand elongated insulator with axial con-
ductive feed wire. 
18. The method of claim 17 wherein the ion guide electrode 
size is on the order of or smaller than a fraction of a millimeter 
in diameter and several millimeters in length and operated at 
relatively minute voltages. 
19. The method of claim 18 further comprising utilizing the 
ion guide electrode with related components in a housing 
having a size and weight for hand-carrying, portability, and 
field use. 
20. The method of claim 1 further comprising positioning 
a plurality of the thickness-controlled ion guide electrodes 
spaced apart but generally parallel in the analytical chamber, 
and operating the plurality of ion guide electrodes concur-
rently to promote delocalization ofions in the chamber during 
analysis, wherein depth of the parabolic potential energy field 
is controlled by a negative bias to adjacent ends of the plural-
ity of ion guide electrodes. 
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21. An ion trap mass analyzer system comprising 
a. a housing with an internal trapping space defined by a 
longitudinal axis, opposite ends, and a radial perimeter 
surrounding and radially spaced from the longitudinal 
axis; 
b. a variable potential type elongated ion guide electrode 
comprising an elongated insulator with a resistive exter-
nal coating along its length positioned through at least a 
substantial portion of the trapping space along or gener-
ally parallel to the longitudinal axis, the ion guide elec- 10 
trade chemically modified to produce a parabolic poten-
tial energy field relative to its length when operated. 
22 
rior of and to approximately the mid-point of the tubular 
insulator, and terminating through the tubular insulator 
at the polymer semi-conductor coating; and 
b. end connection wires each having a first end terminating 
in the polymer semi-conductor coating at or near an 
opposite end of the modified ion guide electrode. 
32. The system of claim 21 wherein the modified coating 
varies in thickness along the modified ion guide electrode. 
33. The system of claim 32 wherein the variance in thick-
ness of the coating comprises increasing thickness from 
opposite ends to at or near midpoint of the modified ion guide 
electrode. 22. The system of claim 21 further comprising; 
a. one or more reference electrodes at or near the radial 
perimeter of the trapping space; 
b. an ion reflector at one of the opposite ends of the trapping 
space; 
.3~. T~e system of claim 21 further comprising an ion 
15 ehmmat10n sub-system operatively connected to the housing 
to selectively eliminate ions of one or more pre-determined 
characteristics. 
c. an ionization source for ionization of an analyte; and 
d. a detector for detecting or differentiating ions of differ-
ent masses. 
23. The system of claim 22 wherein the one or more refer-
ence electrodes comprise a plural of ring electrodes spaced 
apart along the modified ion guide electrode. 
35. The system of claim 29 wherein the single central 
variable potential ion guide electrode is no more than on the 
20 order of a fraction of a millimeter in diameter and several 
millimeters in length. 
24. The system of claim 22 further comprising an end 
electrode at or near one or both ends of the modified ion guide 25 
electrode. 
25. The system of claim 22 wherein the ionization source 
comprises at least one or an external ionization source for 
introducing ions to the housing or an internal ionization 
source for generating ions in the housing. 
26. The system of claim 22 wherein the detector comprises 
an electron multiplier detector. 
27. The system of claim 22 wherein the detector comprises 
an induced image detector. 
30 
28. The system of claim 21 wherein the modified ion guide 35 
electrode is configured to produce at or near a full parabolic 
field. 
29. The system of claim 21 wherein the modified ion guide 
electrode assembly comprises one of: 
a. a single central variable potential ion guide electrode 40 
chemically modified to produce a said parabolic poten-
tial energy field; or 
b. a plurality of spaced apart, generally parallel variable 
potential ion guide electrodes chemically modified to 
each produce a said parabolic potential energy field. 
30. The system of claim 21 wherein each modified ion 
guide electrode comprises: 
a. a tubular single strand of aluminum oxide; and 
b. a coating of semi-conductor polymer. 
45 
31. The system of claim 30 wherein each modified ion 50 
guide electrode comprises: 
a. a center potential supply wire operatively connected at 
one end to an electrical power supply, entering one end 
of the tubular insulator, extending axially along the inte-
36. The system of claim 29 wherein each of the plurality of 
variable potential ion guide electrodes is no more than on the 
order of a fraction of a millimeter in diameter and several 
millimeters in length. 
37. The system of claim 21 operatively connected to one or 
more of: 
a. another analyte analysis system; 
b. an ion detector sub-system; 
c. an ion generation sub-system. 
38. A method of analysis of ions of an analyte which are 
guided in an analytical chamber comprising: 
a. modifying each of a plurality of similarly sized variable 
potential type elongated ion guide electrodes by apply-
ing a resistive external coating in a controlled manner 
correlated to produce a parabolic potential energy field 
relative to its length when operated; 
b. positioning the plural modified ion guide electrodes in an 
array spaced apart but generally parallel to each other in 
the analytical chamber; 
c. generating ions of an analyte; 
d. exposing the generated ions to at least some of the 
parabolic potential energy fields of the plurality of ion 
guide electrodes; 
e. operating the plurality of ion guide electrodes concur-
rently to promote delocalization of ions in the chamber 
during analysis, wherein depth of the potential energy 
fields is controlled by a negative bias to adjacent ends of 
the plurality of ion guide electrodes. 
39. The method of claim 38 wherein the plurality of modi-
fied ion guide electrodes have a length that can vary for a 
given application between inches long and a fraction of an 
inch long. 
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Twenty-second Day of March, 2016 
Michelle K. Lee 
Director of the United States Patent and Trademark Office 
CERTIFICATE OF CORRECTION (continued) I Page 2of5 
U.S. Patent Jan. 13,2015 Sheet 1of23 8,933,397 Bl 
FIG. 1A 
12 
/· ---Feed wire(14) 30 
~-BJl!!li!!Jlll'Jill!!Gil'il!l•~ Silica insulator (16) 
(18) Polymer Semi-conductor 
( 
14 
FIG. 18 
CERTIFICATE OF CORRECTION (continued) I Page 3of5 
U.S. Patent Jan. 13,2015 Sheet 3of23 8,933,397 Bl 
22 
0 
0 0 
FIG. 3A 
Endcap Grid 
Electrode (36) Reference Ring Electrodes Endcap Electrode (26) 
Electron Multiplier 
Detector (38) 
\~-io. 
FIG. 38 
Multi-potential 
Ion Guide (12) 
Repeller 
(30) 
CERTIFICATE OF CORRECTION (continued) I Page 4of5 
U.S. Patent Jan. 13,2015 Sheet 8of23 8,933,397 Bl 
Endcap Electrodes (26') 
I nducUon Detection P~ates (30*) 
FIG. 8 
CERTIFICATE OF CORRECTION (continued) I Page 5of5 
U.S. Patent Jan. 13,2015 Sheet 17 of 23 8,933,397 Bl 
46' 
12 
.... ·· 
.. -<:: .. ···· 
.·.·:>··· 
·••w .. , ......... :.:.:w.'.:::::::::::·:::::·::::::::::::.:.:::::::::·::::::::::::::·:·.:::: ..... ···:::::::::::::::.::·::~4· 
FIG. 16 
